The virulence of Cryptococcus neoformans isolates with high and low extracellular proteolytic activity was investigated in mice. No consistent relationship between proteolytic activity and virulence was observed, but isolates derived from one strain were shown to elicit different inflammatory responses.
Cryptococcus neoformans infections are notorious for eliciting very different types of inflammatory responses in both immunocompromised and immunocompetent hosts (5, 11) . The host and fungus variables responsible for the protean inflammatory responses to C. neoformans infection are not understood. C. neoformans produces a variety of extracellular enzymes and proteinases (1, 3, 4) which may be associated with virulence and could conceivably influence the inflammatory response. Histological studies have shown degeneration of collagen fibrils in the tissue of mice infected with C. neoformans, suggesting that proteolytic activity could promote tissue destruction (10) . Proteases have been suggested as possible virulence factors for C. neoformans (2) , but their role in virulence has not been experimentally investigated. C. neoformans has extracellular proteolytic activity associated with proteins of ϳ200, 100, and 50 kDa and can grow in media containing protein as the sole source of nitrogen and carbon (3) . Here, we investigate the relationship between inflammatory response, virulence, and proteolytic activity for seven isolates of one strain which arose through spontaneous microevolution in different laboratories (7) .
Strain 24067 originated from the American Type Culture Collection. Isolates 24067-A, 24067-B, 24067-E, and 24067-G were obtained from four different laboratories and differ in extracellular proteolytic activity as well as other characteristics (Table 1) . Isolates 5B, 29A, and 29B are mutants of strain 24067-A generated by irradiation with 65,000 J of 254 nmlight (UV Stratalinker 1800; Stratagene, La Jolla, Calif.) and selected after replica-plating onto protein agar plates (3). Capsule size and proteolytic activity of the strain 24067 isolates were measured and normalized for colony size, and melanization was determined as previously described (7) . Doubling times were calculated by plotting CFU (1 colony ϭ 1 CFU) data as a function of time and curve fitting the data using SigmaPlot version 2.03 (Jandel Scientific, San Rafael, Calif.). Adult female A/J Cr mice were purchased from the National Cancer Institute (Frederick, Md.) and infected by either intraperitoneal (i.p.) or intratracheal (i.t.) inoculation with 0.5 ϫ 10 8 to 1 ϫ 10 8 or 4 ϫ 10 5 cells, respectively, as described previously (6, 8) . At various times after infection, mice were killed and organs were removed for CFU counts and histopathology as described (7). Extracellular proteolytic activity was measured at days 7 and 14 of growth in agar plates (Table 1) . At day 14, the relative activity was 29B Ϸ 29A Ͼ 24067-B Ͼ 24067-A Ϸ 24067-E Ͼ 24067-G Ͼ 5B, levels which were statistically significant (P Ͻ 0.05; Bonferroni t test). Mice infected i.t. with isolates 24067-B and 24067-E had higher lung fungal burdens than those infected with isolate 24067-G, but there was no significant difference in liver CFUs (Table 1) . Isolates 24067-E and -G had comparable mean survival times and extrapulmonary dissemination despite significant differences in extracellular proteolytic activity ( Fig. 1 ; Table 1 ). Mice infected with isolates 24067-B or -E had comparable mean survival times following i.p. infection (7) but i.t. infection revealed significant mean survival differences (Fig. 1) . The UV-induced mutants were generated before we learned that isolate 24067-A had reduced virulence (7), and we limited our virulence studies to measuring liver and lung CFUs after i.p. infection. The relative order of organ fungal burdens at day 4 of i.p. infection was 24067-A Ͼ 29B Ͼ 5B Ͼ 29A for both lung and liver tissue CFUs (Table 1 ). For isolate 24067-A and its variants derived by UV mutagenesis, differences in capsule thickness, doubling time, and extracellular proteolytic activity did not correlate with organ CFU burden.
Histological examination of lung tissue from mice infected with isolates 24067-B, -E, and -G revealed surprising differences in the inflammatory response. Infection with 24067-G elicited significantly stronger granulomatous response with better containment of infection in lung tissues than isolates 24067-B and -E (Fig. 2 ) and was associated with lower lung CFU counts (Table 1) . For 24067-B there was widespread dissemination of cryptococci throughout the alveoli with little inflammatory response ( Fig. 2 ; Table 2 ). The extensive involvement of lung tissue after infection with 24067-B is not likely to be due to faster growth since this isolate has the longest doubling time of the three (Table 1) . Overall, the intensity of the granulomatous inflammation in response to infection at day 7 with the three isolates was 24067-G Ͼ 24067-E Ͼ 24067-B. Later the inflammatory response to 24067-G decreased as the infection was cleared in the lung (Table 2 ). Since granuloma formation is a hallmark of cell-mediated immunity, this result strongly suggests that strain microevolution can result in variants that trigger different immune responses.
We found no major differences in virulence among two independent sets of isolates that had large differences in extracellular proteolytic activity. For example, isolates 24067-E and -G had comparable virulence despite major differences in proteolytic activity (Table 1) , -E, and -G were 39.5, 94, and 94 days, respectively. The mean survival of mice infected with 24067-B was significantly different from the others (P ϭ 0.0033 versus 24067-E; P ϭ 0.0257 versus 24067-G [log rank test]). Seven and five mice remained alive from groups E and G, respectively, at the termination of the experiment and were censored. There was no difference between strains 24067-E and -G (P ϭ 0.36; log rank test). a The laboratory from which the strain was obtained for this study. For additional details of the origin and handling of these strains, see Franzot et al. (7) . b Clearance halo is measured as the thickness of the halo divided by the colony diameter. The numbers are averages Ϯ standard deviations (n ϭ 30). At day 9 clearance was significant at P Ͻ 0.05 for all pairwise comparisons except 24067-A versus 5B or 24067-G and 5B versus 24067-G (Bonferroni t test). At day 14, clearance was significant at P Ͻ 0.05 for all pairwise comparisons except 29A versus 29B and 24067-A versus 24067-E (Bonferroni t test) .
c Capsule and cell measurements were done when cultures had a density of ϳ10 8 cells/ml. The numbers are averages Ϯ standard deviations (n ϭ 20). Statistically significant differences were seen for the following pairwise comparisons: 29B versus 5B, 29A, 24067-B, -E, and -G; 24067-A versus 24067-G; and 24067-A versus 5B (P Ͻ 0.05; Bonferroni t test).
d Doubling time was calculated from the logarithmic phase growth rate by curve fitting the CFU data and applying the formula N ϭ N 0 ϫ e (a ϫ t) (SigmaPlot version 2.03; Jandel Scientific, San Rafael, Calif.) with t defined as time, N as the CFU at t, N 0 as the initial CFU, and a as the growth factor of the isolate. Errors are the standard errors of the means of the calculated a values.
e Infection with isolates 24067-A, 5B, 29A, and 29B was done via i.p. injection of C. neoformans. Isolates 24067-B, -E, and -G were administered via i.t. infection. Statistical significance within the groups of infections was seen only for pairwise comparison between lungs infected with 24067-B or -E versus -G (P Ͻ 0.05; Bonferroni t test).
virulent clinical strains. For example, strain 371 (serotype A) has almost no extracellular proteolytic activity (3) yet is highly virulent in mice (9) . Another recent clinical isolate, J32, has no detectable extracellular proteolytic activity yet is virulent in humans and mice (unpublished observations). The apparent lack of association between extracellular proteolytic activity and virulence must be considered in the context of the limitations of this study which include (i) the analysis of only a single strain; (ii) the possibility that the animal model used may not have been sufficiently sensitive to demonstrate differences in survival for mice infected with isolates having high and low extracellular proteolytic activity; and (iii) the possibility that the isolates may not be isogenic because of microevolution or mutagenesis. Nevertheless, we note that isolate 24067-G had the lowest extracellular proteolytic activity and elicited the most intense inflammatory response. Conversely, isolate 24067-B had the highest extracellular proteolytic activity and elicited the least inflammation. Proteolytic activity could conceivably interfere with inflammatory responses by destroying molecules necessary for cellular recruitment, such as cytokines, chemokines, and adhesion molecules. However, any inferences regarding the relationship between isolate characteristics and virulence properties must be made cautiously because these isolates manifested several differences (Table 1 ). Our data show that isolates from a single strain can elicit different inflammatory responses and suggest the need for additional studies to explore the role of proteases in cryptococcal pathogenesis.
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